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Recently more and more researchers query the predictability of cytotoxicity results of biomedical Mg alloys obtained according to ISO 10993
due to signiﬁcant difference between in vitro and in vivo corrosion. This study aimed to observe the inﬂuence of different extraction parameters
(time, volume/surface ratio and medium composition) on cytotoxicity results and illustrate whether more predictable results could be obtained by
adjusting the extraction parameters. The results showed that longer extraction time and smaller extraction volume/surface ratio improve the
sensitivity of screening Mg materials by making inferior Mg materials release relatively more ions to the extract; and more predictable results
could not be obtained by the way of simply adding bovine serum albumin (BSA) into the extraction medium to the same level in vivo or simply
using fetal bovine serum (FBS) directly as extraction medium, since BSA and FBS accelerated the corrosion of Mg materials during extraction
and they affected the cells' health states during the test. In order to get more predictable results, in our opinions, it is necessary to establish a
database of primary cells' hazards (metal ions, pH and H2 gas) tolerance and a set of in vitro corrosion test with high similarity in vivo, which is
very difﬁcult to realize now however.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
Keywords: Mg alloys; Cytotoxicity test; Extraction parameters; Corrosion; Predictability1. Introduction
Mg and its alloys have attracted researchers' attention for many
years in the ﬁeld of biomedical materials because of their great
potential as biodegradable implants [1–5]. A lot of new Mg alloys
have been developed to improve mechanical performance and to
pursuit slower biodegradation speed [6]. As a biomedical material,
Mg alloys have to be proved biocompatible in vitro and in vivo
before clinical trial. Compared with in vivo tests, in vitro experi-
ments are convenient, costless and can provide quick and10.1016/j.pnsc.2014.09.005
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nder responsibility of Chinese Materials Research Society.reasonable feedback on the efﬁcacy. Cytotoxicity test by extracting
method according to ISO 10993-5 and ISO 10993-12 was used
widely in most of in vitro biocompatibility study of Mg alloys [7–
9]. However, the extraction parameters in ISO 10993-12 such as
extraction medium, extraction time, volume/surface or volume/
weight ratio are variable. Different extraction parameters were
chosen in different studies. The cells used in the tests also varied
for the same implant application goal. This makes it difﬁcult to
compare Mg alloys from different laboratories directly without
doing tests together again.
ISO 10993-1 points that the medium and conditions of
extraction should be appropriate to the nature and use of the ﬁnal
product, as well as to the predictability (such as test purpose,
rationale, sensitivity, speciﬁcity, etc.) of the test method. Here
comes another problem for the extract cytotoxicity test method—
can the extraction process conditions recommended in ISOElsevier B.V. All rights reserved.
Table 1
Components of DMEM.
Components Concentration (mg/L) Concentration (mM)
Animo acids 1606 10.708
Vitamins 31.6 0.446
CaCl2 200 1.802
Fe(NO)3  9H2O 0.1 2.475E4
MgSO4 97.67 0.814
KCl 400 5.333
NaHCO3 3700 44.05
NaCl 6400 110.345
NaH2PO4 H2O 125 0.906
D-glucose 4500 25
Phenol red 15 0.04
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test result is of predictability? Apparently, the answer is no,
since even noble alloys in dental were affected by different
extraction medium and resulted in different cytotoxicity [10].
Compared to non-biodegradable metals used in clinical, Mg
alloys react with the extraction medium much more strongly
and release much more corrosion products into the extract. In
other words, the extraction process is a biodegradation process
for Mg alloys. It has been proved that Mg alloy corrosion in
aqueous environment was obviously inﬂuenced by many
factors, such as inorganic ions, proteins, amino acids, corro-
sion medium volume, pH and pH buffers [11–15]. Therefore,
to obtain cytotoxicity test results which are of accurate
predictability, the extraction parameters for Mg alloys should
be adapted to simulate the in vivo degradation.
In recent years, researchers began to conduct studies on this
problem. Fischer [16] recommended using 10 times more
extraction medium than recommended by the ISO 10993-12
standards for as-cast Mg material so as to obtain reasonable
results for reliable cytotoxicity rankings of degradable materi-
als in vitro. Scheideler [17] developed a modiﬁed cytotoxicity
test, simulating in vivo conditions by use of fetal bovine serum
(FBS) as extraction medium instead of the cell culture medium
routinely used in standard cytotoxicity testing according to
ISO 10993-12. They showed a different cytotoxicity ranking
results and claimed that the method in their study had the
potential to enhance predictability of biocompatibility of Mg-
based materials for biodegradable medical devices. However,
they just showed the ranking result without any information
about the corrosion products in the extract or cells' status in the
new cytotoxicity test culture system.
The aim of this study is to elucidate how the in vitro
cytotoxicity result will be inﬂuenced by the extraction para-
meters adapted based on the ISO 10993-12 and to give advices
on what should we do to get more predictable results of
in vitro cytotoxicity tests. We chose an extract atmosphere that
mimicked the pH buffer system in vivo instead of a closed
container atmosphere in ISO 10993-12. Different extract time,
extract volume/surface ratio and extract medium were used in
the extract preparation for three kinds of Mg materials. The
elements concentrations' and pH values' changes of extracts in
different conditions were observed and the cytotoxicity results
obtained from three different cell lines would be discussed.
2. Materials and methods
2.1. Sample preparation
As-extruded Mg–2Zn–0.5Y–0.5Nd alloy supplied by Zhengz-
hou University, as-extruded Mg–3Sn–0.5Mn alloy supplied by
Harbin Engineering University and commercial as-cast Mg
(99.95%), were used in the study. All the Mg materials were cut
into round sample discs with 10 mm in diameter and 1 mm in
height. Samples were ground with 2000 grit SiC paper and
subsequently cleaned by two 10 min washes in pure ethanol under
sonication. Before the extraction procedure, the samples were
sterilized by ultraviolet radiation for 2 h for both sides.2.2. Extract preparation
2.2.1. Extract according to ISO 10993-12
Magnesium and alloys samples were incubated in DMEM
supplemented with 10% fetal bovine serum (FBS) for 24 h
with volume/surface ratio of 1.25 cm2/mL under cell culture
conditions (5% CO2, 20% O2, 95% humidity, 37 1C). All
regents were Gibco products. Table 1 gives the DMEM
components according to the manufacturer's website.
2.2.2. Different extraction time
In order to illustrate the inﬂuence of the extract time, three
extract time points (24 h, 48 h and 72 h) were set with no
change of extract medium, volume/surface ratio and extract
environment.
2.2.3. Different extraction volume/surface ratios
To investigate the inﬂuence of the volume/surface ratio on
the extract and cytotoxicity, extracts were prepared using the
same procedure but more extraction medium, e.g. 10 times
standard medium volume was used to prepare the 10
extract. The same procedure was applied for the other extracts
(20 , 30 and 40 ).
2.2.4. Different extraction mediums
2.2.4.1. DMEM with different BSA concentration as extraction
medium. Since albumin is the main protein in plasma and
human serum albumin has an average concentration of
33–40 mg/mL in plasma [18], four different BSA concentration
solution (DMEMþ10% FBSþ10 mg/mL BSA, DMEMþ
10% FBSþ20 mg/mL BSA, DMEMþ10% FBSþ30 mg/mL
BSA, DMEMþ10% FBSþ40 mg/mL BSA) were used as
extract medium with no change of other extract parameters to
reveal the inﬂuence of BSA concentration on the extract.
2.2.4.2. DMEM with different FBS concentration as extraction
medium. FBS composition is more complicated and more
similar to in vivo blood than solutions with only BSA. Here
in this study, ﬁve different FBS concentration solution
(DMEMþ10% FBS, DMEMþ25% FBS, DMEMþ50%
FBS, DMEMþ75% FBS, 100% FBS) were used to reveal
X. Liu et al. / Progress in Natural Science: Materials International 24 (2014) 507–515 509the inﬂuence of FBS concentration on the extract and
cytotoxicity results. And the other extract parameters were
not changed.
2.3. Extract characterization
The pH value of each kind of extract was measured as soon
as the medium was taken out of the cell incubator so as to
make sure the value was consist with the real pH value under
cell culture environment. The concentration of the released
magnesium and alloy elements ions in the extract medium was
measured by ICP-OES (Optima 5300DV). Before the ICP-
OES measurement, all the extracts were digested in 65%
HNO3 in closed vessels by microwave digestor with respect to
solubilize all sample constituents.
2.4. Cell culture and cytotoxicity test
Three cell lines were chosen as the cytotoxicity test cells in
this study. L929 cell line (a ﬁbroblast cell line), EA.hy926 cell
line (a macro-vascular endothelial cell line) and A7r5 cell line
(a vascular smooth muscle cell line) were cultured in DMEM
(high glucose) with 10% FBS, 100 U/mL penicillin and
100 μg/mL streptomycin.
Cells in logarithmic growth phase were seeded in 96-well
plates (Corning, USA) in a density of 5000 cells/100 μL in
each well and incubated for 24 h to allow attachment. Then the
medium was replaced with 100 μL of extracts. The negative
control medium was the corresponding extraction medium
aged in the cell culture condition along with the extraction of
Mg materials. The positive control medium was the corre-
sponding extraction medium with 10% dimethyl sulfoxide
(DMSO). After incubating the cells in a humidiﬁed atmosphere
with 5% CO2 and 20% O2, at 37 1C for 24 h, all medium in the
96-well cell culture plates were replaced with 10% WST-8
solution in DMEM instead of adding 10 μL WST-8 to each
well to avoid possible interference between the extracts and
WST-8 [19]. The plates were put back into cell incubator for
1.5 h incubation before they were measured by microplate
reader (Bio-RAD680) at 450 nm.
In order to evaluate the reliability of the results derived from
in vivo-simulated extraction medium test system, the cell
health status in different negative control groups were
observed. The cellular morphology and cell viability were
compared to the normal cell cultured in DMEM with
10% FBS.
To reveal the relationship of cytotoxicity result and Mg ion
concentration in the extract, we tested the cytotoxicity of Mg
ions by adding MgCl2 to the culture medium to form gradient
concentrations (0, 2.5, 5, 7.5, 10, 25, 50, 75,100 mM).
3. Results
3.1. Inﬂuence of extraction time
For different extract time, it was obvious that the longer the
extraction lasted, the higher Mg concentration was in theextracts. Under the ISO 10993-12 recommended extraction
conditions (DMEMþ10% FBS, 1.25 cm2/mL, 24 h), Mg
concentration increase in the extracts of Mg–2Zn–0.5Y-
0.5Nd alloy, Mg–3Sn–0.5Mn alloy and Mg were 88.7 μg/mL,
192.8 μg/mL and 539.4 μg/mL respectively (Fig. 1(a)).
Zn and Sn release from the alloys were 0.7–0.8 μg/mL (Fig. 1
(b)). Y, Nd and Mn were under the lower limit of ICP-OES
detection. Mg concentration increase in the extract rose to
215.8 μg/mL, 533.2 μg/mL and 984.9 μg/mL respectively for
Mg–2Zn–0.5Y–0.5Nd alloy, Mg–3Sn–0.5Mn alloy and Mg after
72 h extraction (Fig. 1(a)). Sn release from Mg–3Sn–0.5Mn alloy
increased much more at 48 h than at 24 h but did not change
much between 48 h and 72 h. However, Zn release from Mg–
2Zn–0.5Y–0.5Nd alloy did not show obvious change in the
whole test duration (Fig. 1(b)). This phenomenon may be caused
by the microstructure of the alloys, but it is beyond discussion of
this study. The pH values were in the range of 7.7–8.7.
Cytotoxicity test results were displayed in Fig. 1(d). Result from
L929 cells showed the extended extraction time caused lower
viability. EA.hy926 and A7r5 cells showed higher viability than
L929. Extraction time under (3771) 1C described in ISO 10993-
12 is (7272) h and the standard also points out that extraction at
(3771) 1C for (2472) h in tissue culture media might be
acceptable for cytotoxicity testing. The extraction times in ISO
10993-12 are based on historical precedent. Therefore 72 h shall
be sufﬁcient to maximize the amount of Mg material extracted.
The difference between the three materials became more obvious
when longer extraction time was used, which implies that an
extraction time of 72 h is favorable for the purpose of ranking
alloys.
3.2. Inﬂuence of extraction volume/surface ratio
As to the extraction volume/surface ratio, metal ions
concentrations released from Mg materials decreased dra-
matically as expected (Fig. 2(a) and (b)). When extraction
medium volume was enlarged to 10 , increase of Mg
concentration in the extract was reduced to 17.2 μg/mL,
29.6 μg/mL, 148.3 μg/mL respectively for Mg–2Zn–0.5Y–
0.5Nd alloy, Mg–3Sn–0.5Mn alloy and Mg. When 20 ,
30 and 40 volumes were used, Mg concentration
increases in the extracts were all below 10 μg/mL for
Mg–2Zn–0.5Y–0.5Nd and Mg–3Sn–0.5Mn alloys. Zn
release was not detected when larger extraction medium
volume was used and Sn concentration in 40 extract
reduced, and was lower than the low detective limit too.
Actually, severer corrosion occurred to Mg materials when
larger extraction medium volumes were used, but the large
volume medium had diluted the ions released from metals to
low extent. This result was in accordance with Mg alloy
corrosion tests in Hank's solution with different volume/
surface ratio, and the reason was related to the pH of the
medium [15]. Enlarged extraction volume/surface ratio
showed an inﬂuence of reducing the pH rise for all the
extracts. pH values of all the extracts were within a range of
7.4–8.5 (Fig. 2(c)). These three kinds of Mg materials
were non-cytotoxic to these three cell lines when 10 or
Fig. 1. Extracts characterization and cytotoxicity results under different extraction time. Mg concentration increase in the extracts (a), alloy elements concentration
increase in the extracts (b), pH values of the extracts (c) and cytotoxicity results tested by three cell lines (d).
Fig. 2. Extracts characterization and cytotoxicity results under different extraction volume/surface ratios. Mg concentration increase in the extracts (a), alloy
elements concentration increase in the extracts (b), pH values of the extracts (c) and cytotoxicity results tested by three cell lines (d).
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larger extraction volume reduced cytotoxicity effect. Dif-
ferent volume/surface ratios should be chosen according to
different applications.3.3. Inﬂuence of extraction medium
In simpler situation when BSA was used in the extraction
medium to simulate in vivo condition, the results showed in Fig. 3
Fig. 3. Extracts characterization and cytotoxicity results under extraction mediums with different BSA concentrations. Mg concentration increase in the extracts (a),
alloy elements concentration increase in the extracts (b), pH values of the extracts (c) and cytotoxicity results tested by three cell lines (d).
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release from Mg and Mg–3Sn–0.5Mn alloy increased and did not
increase too much for Mg–2Zn–0.5Y–0.5Nd alloy (Fig. 3(a, b)).
All pH values were in a range of 7.7–8.5(Fig. 3(c)). BSA did not
change the pH value ranking (Mg4Mg–3Sn–0.5Mn alloy4Mg–
2Zn–0.5Y–0.5Nd alloy). Relative cell viability of Mg–2Zn–0.5Y–
0.5Nd alloy and Mg–3Sn–0.5Mn alloy tested for three cell lines
were 485% in all BSA concentration situations (Fig. 3(d)).
As-cast Mg evaluated by L929 and A7r5 showed a decreased
relative cell viability with the increase of BSA concentration in the
extraction medium. This was probably related to the much higher
Mg concentration released from as-cast Mg than Mg–3Sn–0.5Mn
alloy and Mg–2Zn–0.5Y–0.5Nd alloy because relative cell viability
of extracts of Mg–3Sn–0.5Mn alloy and Mg–2Zn–0.5Y–0.5Nd
alloy in extraction medium with different BSA concentrations did
not show the same tendency.
The inﬂuence of FBS in the extraction medium on extracts
and cytotoxicity results is shown in Fig. 4. Metal ions released
from Mg materials were shown in Fig. 4(a) and (b). Mg
concentration increase in extracts of Mg–2Zn–0.5Y–0.5Nd
alloy was not affected by FBS concentration, and their values
were in a range of 80–100 μg/mL. For Mg–3Sn–0.5Mn alloy,
Mg concentration in the extract increased slowly with increas-
ing FBS content when FBS concentrations in the medium were
below 75%, and the released Mg concentration in the medium
of 100% FBS increased to a much higher level of 340 μg/mL.
For pure Mg, released Mg concentration increased with the
increase of FBS concentration, and was about 940 μg/mL in100% FBS extract. Zn release from Mg–2Zn–0.5Y–0.5Nd
alloy in the extract was not dependent on the FBS concentra-
tion while Sn release from Mg–3Sn–0.5Mn alloy in the extract
was increased with the increase of FBS concentration. As
demonstrated in Fig. 4(c), under the ISO 10993-12 recom-
mended extraction conditions (DMEMþ10% FBS, 1.25 cm2/
ml, 24 h), the pH values of Mg–2Zn–0.5Y–0.5Nd alloy, Mg–
3Sn–0.5Mn alloy and commercial pure Mg extracts were 7.76,
8.01 and 8.43 respectively. The pH value ranking (Mg4Mg–
3Sn–0.5Mn alloy4Mg–2Zn–0.5Y–0.5Nd alloy) of the three
materials' extraction was not inﬂuenced by the extraction
mediums. pH of the extracts did not show a linear relation
with FBS concentration. All pH values were in a range of 7.5–
8.6. The cytotoxicity results derived from three cell lines were
displayed in Fig. 4(d). The cytotoxicity evaluated according to
ISO standard showed that as-cast Mg had cytotoxic potential to
L929 since its relative viability was o70% [20]. The result
from L929 showed a relatively higher viability when higher
FBS concentrations were used in the medium but the ranking
order (Mg–2Zn–0.5Y–0.5Nd alloy4Mg–3Sn–0.5Mn alloy4
Mg) did not change. For EA.hy926 cell line, all the three
materials were evaluated as nontoxic but the relative viability
values in higher FBS concentration extract were lower than
results obtained under ISO standard. The change of cytotoxi-
city results for A7r5 was complicated. When extraction
medium of (DMEMþ25% FBS) and (DMEMþ50% FBS)
was used, the results were similar to the results obtained under
ISO standard. However, the relative cell viability rose up to
Fig. 4. Extracts characterization and cytotoxicity results under extraction mediums with different FBS concentrations. Mg concentration increase in the extracts (a),
alloy elements concentration increase in the extracts (b), pH values of the extracts (c) and cytotoxicity results tested by three cell lines (d).
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as extraction medium and reduced below 70% for Mg–3Sn–
0.5Mn alloy when 100% FBS was used.
3.4. Inﬂuence of extraction medium on cell status during
the test
To evaluate the reliability of the results obtained from more
in vivo simulated medium test system, the cells' health statuses in
different extraction medium test systems were observed. If the cells
were not affected by the extraction medium compared to the cells
cultured in standard condition, the results obtained from this
extraction medium may be of predictability. Fig. 5 exhibited the
inﬂuence of different extraction mediums on the cell morphology
and viability of the three cell lines. L929 (Fig. 5(a)) demonstrated
slightly higher viability when 25% and 50% FBS concentrations
were used, and the viability became lower than the standard
cultured cells when 75% FBS was used. When 100% FBS was
used, the viability reduced to about 60% and the cells became
round in morphology. BSA in the medium decreased the viability
of L929 and the morphology cultured in 40 mg/mL BSA slightly
changed. EA.hy926 cells (Fig. 5(b)) showed higher viability when
FBS concentration did not exceed 75%. When 100% FBS was
used its viability slightly decreased but still higher than 90%. BSA
showed inhibited inﬂuence on viability at 10 mg/mL, but sig-
niﬁcantly improved the viability to 140–150% at higher concen-
tration. The cells' morphology cultured in medium with higher
concentration of FBS or BSA did not show signiﬁcant difference
compared to those cultured in standard condition. As to A7r5 cells
(Fig. 5(c)), FBS had no effect on cell viability and morphologywhen its concentration was no more than 75%. The relative
viability reduced to less than 20% dramatically in 100% FBS and
the cell morphology showed obvious cell death. BSA did not affect
A7r5 cell viability and morphology. In conclusion, FBS and BSA
have different effects on different cells, so the results obtained in
100% FBS extraction medium and DMEM with 40 mg/mL BSA
extraction medium systems were of no reliability.3.5. Relation of Mg concentration and cytotoxicity
Fig. 6 exhibits the relative cell viability of the three cell lines
used in this study cultured with adding different Mg ion
concentrations. It is clear that EA.hy926 cells showed the highest
tolerance of Mg ion concentration increase while L929 showed
the lowest. According to ISO 10993-5, the highest non-toxic Mg
concentration for EA.hy926 cell and A7r5 cell was about 45 mM
where relative cell viability is above 70% and the highest non-
toxic Mg concentration for L929 cell was about 18 mM. Different
cells reacted differently to the same concentration. Therefore, in
order to get more related result, the cell lines used in cytotoxicity
test should be chosen according to the implant position.4. Discussion
4.1. The value of ISO 10993 for Mg materials
It is pointed out in ISO 10993 that extractions differ for test
purposes: (a) exaggerated extraction is appropriate for hazard
identiﬁcation; (b) simulated-use extraction is applicable for
Fig. 5. Inﬂuence of different extraction medium themselves on the cell morphology and viability of L929 (a), EA.hy926 (b) and A7r5 (c).
Fig. 6. Relative cell viability of the three cell lines cultured with adding
different Mg ion concentrations.
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assessments. Extraction is a complex process inﬂuenced by
time, temperature, volume/surface ratio and extraction med-
ium. The effects of conditions on extraction kinetics and the
identity of the extraction medium (s) should be considered
carefully if accelerated or exaggerated extraction is used. There
have been many comparative studies of biomedical Mg
materials in vitro and in vivo, and all the results showed that
Mg alloy degrade much faster in vitro than in vivo [21,22].
Therefore, extraction of Mg materials by a simulated body
ﬂuid in vitro actually is not a simulated-use extraction but an
exaggerated extraction. So evaluating cytotoxicity of Mg
materials by the extraction method according to ISO 10993
supplies a way to screen materials and identiﬁes their hazard
potential in an exaggerated way. If the tested Mg materials
showed non-cytotoxicity under ISO standard it would probably
X. Liu et al. / Progress in Natural Science: Materials International 24 (2014) 507–515514be OK in simulated-use extraction. For the purpose of ranking
Mg alloys, what researchers should do is ﬁxing the extraction
conditions and cell type for the same application aim.
4.2. What should we do to get more predictable results?
This study focused on the inﬂuence of extraction conditions
on the cytotoxicity test results and weather can we get more
predictable results by making the medium more simulated. The
results indicated that longer extraction time and smaller
volume/surface ratio could improve the sensitivity of screen-
ing. To make the extraction medium more in vivo simulated,
we focused on protein concentration by adding BSA and more
FBS in DMEM. The extraction of Mg materials in mediums
with higher protein in this study just indicated the same
conclusion that higher protein concentration in solution make
Mg materials be corroded faster as [14], although some other
studies showed corrosion inhibition effect [23,24]. FBS and
BSA displayed similar inﬂuence on the metal ions release from
magnesium materials in the extract—the more FBS or BSA
used in the extraction medium, the more ions released.
However, the cytotoxicity result was different. In BSA test
system, relative cell viability reduced in extraction medium
with higher BSA concentration. In FBS test system, relative
cell viability in extraction medium did not reduce with higher
FBS concentration. This phenomenon may be caused by the
different protein kinds and concentrations in (DMEMþBSA)
and FBS. On one hand, FBS provides many nutritional factors
for cell growth and cells cultured in higher FBS concentration
might be more tolerance of metal ions released from Mg
materials. On the other hand, proteins in FBS may chelate
more metal ions and so reduce the cytotoxicity of released
metal ions. To determine the reliability of cytotoxicity results
obtained in the two kinds of more in vivo simulated medium
system, we therefore checked the effect of medium on cell
status during the test. The results showed that BSA and FBS
showed great impact on cell viability and morphology and the
results varied between cell types. So the cells in the in vivo
simulated medium test system were not in their normal state,
hence the cytotoxicity results derived from the in vivo simu-
lated medium test system was not the real cytotoxic effect of
the materials we test. There is a conﬂict between extracting Mg
materials with more in vivo simulated liquid and the correct
cell culture status. That is to say the way of changing the
extraction medium to more in vivo simulated composition is
not suitable for the purpose of getting more predictable results.
ISO 10993 suggests that testing the solutions of various
concentrations of the appropriate salt of the speciﬁc metals
identiﬁed in the material shall be considered for identifying the
hazard of the speciﬁc metal ions and to know its highest non-
effect levels [25]. In this study, the effects of Mg ion on L929,
EA.hy926 and A7r5 cells were tested. The relative viability
results of the three Mg materials tested under ISO standard
were basically consistent with the result tested by adding
MgCl2 at a similar Mg ion concentration to the correspond
extract. In order to predict in vivo cytotoxicity, care should be
taken to choose conditions and cells which are relevant.Results from this study showed the cell lines differed in the
tolerance of Mg ion and some study has already used primary
cells in cytotoxicity test of Mg materials and their results
showed there were obvious difference between primary cells
from human and cell lines [16,26,27]. If we want to know the
accurate result of cell tolerance of the ions released by Mg
materials in vivo, primary cells from the implant position must
be chosen. However, their studies also showed that primary
cells from different donors reacted to the same extract
differently. So we should establish a hazard (metal ions, pH
and H2 gas) tolerance database of primary cells from various
donors in order to make sure the results in the database are
reproducible and accurate to guarantee safe in vivo application
and avoid inter-individual differences. With this database
established by authority, researchers only need to monitor
hazards (metal ions, pH and H2 gas) release from Mg materials
in vitro under the most in vivo simulated conditions and check
whether the released hazards are in the safe range.
As to simulate in vivo corrosion condition, the difference
between in vitro and in vivo involves not only protein
concentration, but also the blood ﬂow, various cells and
tissues. All these factors can positively or negatively inﬂuence
the degradation speed of Mg materials. Though we add similar
albumin concentration in the extraction medium or use FBS
directly as extraction medium to simulate Mg materials'
corrosion in vivo, results showed they corroded faster which
made the gap between in vitro and in vivo larger. This is to say
we actually have added in vivo positive factor to the in vitro
test system by simulating the albumin concentration or using
FBS, which made the results even far from the truth. Some
researchers have done some pioneer study on the cells effect
on Mg alloy degradation [23,28]. However these studies are
elementary, there are much more hard works need to do to set
up a standardized in vitro test systems which can simulate
degradation in vivo properly.
5. Conclusion
This study aimed to illustrate the relation between the
extraction conditions and the cytotoxicity results for Mg
alloys. From the results and discussion, the following conclu-
sions are given:(1) Longer extraction time and smaller extraction volume/
surface ratio improve the sensitivity of screening Mg
materials by making inferior Mg materials release relative
more ions to the extract.(2) BSA and FBS both showed similar effect of accelerating
the corrosion of Mg materials during extraction.(3) Cytotoxicity results obtained from the more in vivo simu-
lated extraction medium test system was unreliable,
because the cells' health states were not suitable for
cytotoxicity test in BSA or FBS medium system.(4) To get more predictable cytotoxicity results, we suggest
setting up a database of primary cells' hazards (metal ions,
pH and H2 gas) tolerance for Mg materials by authority.
The further work for researchers is how to monitoring
X. Liu et al. / Progress in Natural Science: Materials International 24 (2014) 507–515 515hazards release during Mg materials' degradation in vitro in
the more in vivo simulated conditions, which is very
difﬁcult to realize now.Acknowledgments
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